In this paper the lamination effect on the model of a power transformer's core with stacked E-I structure is analyzed. The distribution of the magnetic flux in the laminations depends on the stacking method. In this work it is shown, using a 3D FEM model and an experimental prototype, that the non-uniform distribution of the flux in a laminated E-I core with alternate-lap joint stack increases substantially the average value of the magnetic flux density in the core, compared with a butt joint stack. Both the simulated model and the experimental tests show that the presence of constructive air-gaps in the E-I junctions gives rise to a zig-zag flux in the depth direction. This interlamination flux reduces the magnetic flux density in the Ipieces and increases substantially the magnetic flux density in the E-pieces, with highly saturated points that traditional 2D analysis cannot reproduce. The relation between the number of laminations included in the model, and the computational resourses needed to build it, is also evaluated in this work.
Introduction
The magnetic core is a key component of electrical machines such as power transformers [1] [2] [3] [4] , rotating electrical machines [5, 6] , LCL filters for inverters and variable speed drives [7] , peak current limiters [8] , switching converters [9] , variable inductors [10] , etc. The time varying magnetic fields induce eddy currents in the core, and consequently some energy is converted into heat [11] . So, the design of magnetic cores is fundamental in order to reduce the losses in electrical machines, and this field has attracted a great interest in the technical literature [3, 12, 13] . Traditionally, to reduce the effects of eddy currents and hysteresis losses in electrical machines, the magnetic cores are assembled with laminations of magnetic steel alloyed with silicon [14] . The use of efficient mathematical tools such as the finite element method (FEM) has allowed the improvement of the design and simulation of magnetic cores [1] . However, the computational resources needed to implement a FEM model of the core increase exponentially with the number of degrees of freedom (DOF). If the lamination effect is included in a 3D FEM model by individually modeling each one of the laminations, with their corresponding insulation layers, the number of DOFs scales exponentially with the number of laminations , which makes impractical the use of such a model with modern software and computers. Besides, the huge differences between the spatial scales in the depth dimension (sub-millimeters) and the other dimensions (meters), give rise to heavily distorted meshes. Therefore, in most cases the FEM model of the laminated E-I core has been limited to simulation in two-dimensions (2D) [2, 4] , adding the effect of the lamination through stacking coefficients and direction-dependent magnetic permeabilities. This approach is valid if the flux is uniformly distributed, as in the case of a laminated E-I core using a butt joint lapping method [15] , but it is not valid for analyzing the non-uniform distribution of flux if an alternate-lap joint lapping method is used. What is presented in this paper is the simulation of the laminated E-I core of a power transformer [16] using a full 3D FEM model [17] , which is able to take into account the lamination effects, even in the case of alternate-lap joint stacks. This model can provide an accurate representation of the magnetic flux distribution in the laminations and spot possible areas with high saturations and losses [18] , which can be avoided with an optimized design of the core. Besides, in this work, a prototype of a laminated E-I core with alternate-lap joint stack has been built and tested, to confirm the simulation results. This paper is structured as follows: in Section 2, the effect of the alternate-lap joint stacking of laminated E-I cores is presented, and a comparison is made with butt joint stacks. In Section 3, a sensitive analysis is performed, which evaluates the effects of the number of laminations included in the 3D model on the precision and the computer resources needed to run the model. In Section 4, the zig-zag inter-lamination fluxes generated in the z-direction in case of alternate-lap joint stacks are measured experimentally with a prototype. Finally, in Section 5 the conclusions of this work are presented.
3D model of a laminated E-I core
Laminated E-I cores are widely used in electrical machines, especially in power transformers and inductors. They are built using E and I pieces, such as those of Figure  1 . There are two different lapping methods used for assembling the E-I cores:
-The alternate-lap joint method, with the E and I pieces inter-laminated alternatively (Figure 2 , right). -The butt joint method, in which the E and I pieces have the same position at each layer of the lamination (Figure 2 , left).
The use of alternate-lap joint stacking in a laminated E-I core helps to increase the mechanical strength and to reduce energy losses. Figure 3 shows a simplified model, used in this work, with two laminations, using the The type of stacking shown in Figure 3 determines the distribution of the magnetic flux in the core. If all the E-I laminations have the same configuration, using a butt joint stack where all the z-cross sections are equal, the distribution of the magnetic flux in each one of these laminations, neglecting the end effects, is the same.
If the butt joint lapping method is used, a 2D analytical model based on lumped reluctances, shown in Figure   Figure 2 : Lapping method of E-I laminated core using butt joint (left) and alternate-lap (right) Figure 6 , can be used to analyze the magnetic flux distribution in the laminated E -I core. In the analytical model, the constructive air-gaps in the joints between the E and I pieces are introduced as added reluctances, Rg
where g is airgap length, Sg is the total cross section of the columns of the E pieces, and µ 0 is the permeability of the vacuum. In the FEM model, these airgaps are directly introduced as a layer of air between the E and I pieces. Both models assume that the E-I configuration is constant in the z-direction, that is, they assume that the laminated E-I core is a butt joint stack. In fact, it is not possible to simulate the 3D inter-laminations fluxes of the alternatelap joint method using a 2D model. In this case, the flux has an alternative path of lower reluctance in parallel with each joint between an I piece and an E piece. So, instead of crossing the E-I junction airgap, the magnetic field lines jump to adjacent laminations through the insulation layer, in the z-direction, which implies that a 3D model is necessary to capture this non-uniform distribution of the magnetic flux. This alternative path has a reluctance given by
where δs is the separation between two adjacent laminations, and S A is the surface of contact between them (see Figure 7 ). It can be seen in Figure 7 that the reluctance of the path that crosses the insulation between adjacent laminations is much lower than the path that crosses the E-I junction, because the area of this alternative path is much greater than the area of the E-I junction airgap. In fact, the flux preferably flows through the adjacent laminations, which have the largest contact surface, and does not flow through the air gap existing between the E and I pieces. This fact is illustrated in Figure 8 , using a 3D reluctance model of the core of Figure 3 , and in Figure 9 , using a 3D FEM model of the same core. From Figure 8 and Figure 9 it can be concluded that the assumption of uniformity of the flux distribution in the z-direction is no longer valid when using an alternate-lap joint stack, which interchanges the relative positions of the E-I pieces in consecutive laminations. In this case the magnetic flux is not uniformly distributed, as assumed in 2D simulations. Indeed, there is a inter-lamination flux in the Figure 3 z axis nearby the E-I joints, which highly reduces the magnetic flux density in the I pieces, as can be seen clearly in Figure 9 . This results in the I pieces being practically unloaded, and the presence in the E pieces of highly saturated points.
Comparison of a 3D FEM model of the laminated E-I core using butt joint and alternate-lap joint lapping methods
To evaluate numerically the effect of the lapping method on the average value of the magnetic flux density in the laminated E-I core, a 3D FEM simulation has been made using the two cores displayed in 2, one with a butt joint stack (Figure 2, right) , and the other one with an alternatelap joint stack (Figure 2 , left). From these simulations, the average value of the magnetic flux density in each core has been computed, and the results are presented in Table 1 . Table 1 : Average value of the magnetic flux density in the laminated E-I core as a function of the lapping method.
Laminated E-I core Average value of the magnetic lapping method flux density in the core (Tesla) Butt joint 0.6 T Alternate-lap joint 1.361 T That is, the change of the lapping method of the laminated E-I core from a butt joint to an alternate-lap joint method produces a reduction of the effective section of the magnetic core of about 44%, for the core used in this work. In Figure 10 the inter-lamination fluxes in the z-direction are clearly visible for the alternate-lap joint stack, and also their main effect: the unloading of the I piece in each lamination due to the jump of the main flux from one E-piece to the adjacent E-pieces, avoiding the crossing of the high reluctance E-I junction airgap. 
Sensitivity analysis
Building a 3D model of the laminated E-I core with an alternate-lap joint is a demanding task, both in terms of computing power and time of simulation. Laminated E-I cores can have a great number of laminations (500 in the prototype used in this work), separated by thin insulation layers, so that the number of DOFs of a full 3D FEM model scales exponentially with the number of laminations, and makes the problem nearly intractable with modern software and computer resources.
To evaluate the computational costs required in terms of total number of DOFs and computation time, five different laminated E-I cores have been simulated, with 4, 8, 12, 16 and 20 laminations, as shown in Figure 11 , using the computer and software whose main features appear in the Appendix.
The computational resources needed for each model (number of DOFs and simulation time) are presented in Table 2. It can be concluded from the results presented in Table 2 that building a model of a laminated E-I core with a large number of laminations is not viable, because it takes large simulation times without improving the precision.
Some of the simulations whose results have been collected in Table 2 Another factor which makes it necessary to increase the number of laminations in the simulation are the border effects. The distribution of the flux in the outer laminations is different than in the inner ones, because the outer laminations have only one adjacent sheet, contrary to the inner laminations, which have two adjacent ones. The influence of this asymmetry on the average value of the induction decreases as the number of iron sheets increases. Figure  15 shows the differences between the outer and the inner E-pieces in the case of a laminated E-I core with 4 laminations and with 20 laminations, respectively.
Experimental validation
A prototype, shown in Figure 16 , has been built and tested in the laboratory, using a laminated E-I core with an alternate-lap joint stack. Three search coils have been placed in the core, as shown in Figure 16 . Two of the search coils have been wounded around one column of the Epieces (E sup coil and E inf coil), and the other one around the I-pieces (I coil). The voltages induced by the magnetic flux in these three search coils has been recorded. These voltages are represented in Figure 17 , in order to assess the presence of the inter-lamination fluxes in the z-direction observed in the 3D FEM simulations of Section 2 and Section 3.
The voltages measured at the three search coils of Figure 16 , displayed in Figure 17 , show clearly the reduced value of the voltage in the I-pieces, compared with the Epieces, due to the flux crossing between adjacent E pieces to avoid the E-I junction airgap. These results corroborate the results obtained with the 3D simulations presented in previous sections, indicating that in laminated E-I cores with alternate-lap joint stack, the I-pieces are practically unloaded from a magnetic point of view, which represents a reduction of the effective core section.
Conclusions
In this paper the effect of the lamination in E-I cores with alternate-lap joint stack is analyzed using 3D FEM simulations and experimental validations. As it is shown in this paper, this particular configuration gives rise to interlamination magnetic fluxes crossing the space between adjacent E-pieces, instead of crossing the E-I junction airgap. The consequences of these fluxes is that the I-pieces are magnetically unloaded, and that the average value of the magnetic flux density in the core increases. This effect must be taken into account in the design of the laminated E-I cores to reduce the losses and the saturations in particular regions of the core, and also to optimize the amount of magnetic material used to build it. 
